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SELF-CONSISTENT ELECTRON TR#SPORT
IN COLLISIONAL PLASMAS

Rodney J. Mason
Los Alamos National Laboratory

Los Alamos, New Mexico 87545

A self-consistent scheme haE been developed to ❑odel electron transport in
evolving plaemae of arbitrary claeaical collieiouallty. The electrons and
ions are treated ae ●ither multiple donor-cell fluids, or collisional
particles-in-cell. Particle ●uprathennal electrons scatter off lone, and
drag against fluid background thermal electrons. The background electrons
undergo ion friction, thermal coupling, and bremsatrahlung. The components
move in self-consistent advance
?4ethod, which permits At >> w -

$ E-fields
‘ ‘bt:!n::f::i::ea’;:$ i:i;o?:;:;;and Ax >> AD

mpeed-up over older explicit ?echniques. The fluid description for the
background plasma compo ente permits the modeling of tr~neport in systems
epannlng more than a 109-fold change in density, and encompassing
coatiguoue collimional and collleionleae regions. Results are presented
from application of the ●theme to the ❑odeling of CO laser-generated

isuprathurmal electron transport in expanding thin fo 1s, and in multi-f~il
target configurations.

●
Thim work was performed under the ●unpicem of the United Stntan Depnrtnwnt

of Energy.



SELF-CONSISTENT ELECTRON TRAN3PORT
IN COLLISIONAL PLASMAS

INTRODUCTION

At laser wavelengths of 1 IJm and above a migniflcant fraction of the lig%:
●boorbed by laser fu6ion targete IB deposited in euprathermal electrons.
These are marginally collteional and distribute the abeorbed energy
throughout the target. AB they move they set up eelf-consistent E-field6,
which draw return currents in the background, generally etronely
colliaional , thermal electrons. These fields also set the ions into
motion, changing the target geometry, in which the suprathermals must
traneport. A detailed model of thle complex coupled phenomenology 1s
required, if we are to develop the intuition and understanding needed to
engineer the uee of euprathermals in the design of targete for high
compression. Thusfar, our ●ffrrte toward the development of such a model
have been confined to a one-dimeneicsal treatment. However, our choice of
●pproach has been guided by the ● ase with which it might bc generalized to
higher dirneneione.

Thus, we treat the suprathermal ele trons as collisloo,al particles-in-cell.
The Particle-in-Cell (PIC) approach f has entabllahed reliability in
application to collisionlene modeling in one and t-do dlmeneions. Motion in
melf-coneietent fieldn presents no dtfftculty. The weak effacte of ion
scatter ●nd electron drag are readily #dded with the Inclueicn of simple
operatora on the euprathermal velocities. The return current thermal
●lectrone ● re moved aa ● collioional donor-call fluid. Thio allows us to
treat the very large range of back~round densities from nclid ●nd above
down through c?ltical ●nd into the corona. The raaiative force between the
thermals and ions fe handled lmpllcitly, cc strong collt8f9nality eimply
leade to low rel?tive drift ●pecdm The fluctuation, of a particle
background repraoantation ●re ●voided. Similatly, a donor-call Eulerian
treatmant of the lone allows for the ●fff.ciant treatment of the ion
hydrodynamic. Plux--corraction ●nd gating of tha hydrodynamics at vacum
boundariao ia ●mp!tiyed to reduce mmerical diffurnlon. The ●lactronn and
ionn move in ● salf-conslttont E-fie14 calculated by the Implicit Moment
Technique. For this an auxillary sat of fluid ●quationa 10 ~olved
implicitly with thu Foiaaon ●quatfon to Ulve ●n ●dvanced field. 3y ❑ovin~
the electron ●nd ion component~ in this field, we ●void the usual tiae-step
constraint to ●tepo loac than the minimum plame p~rlod. Thu#, globnl
problama opanni~~g ● large density range can be run as much ●o a thouean(l
tlmae fainter than by traditional ●xplicit mathoda.

The collieional PIC treatment for tho ●uprath rmals han been pravioualy
?outlined in Ref8. 2 ●nd 3. Dawoon and ?3hanny ware the flrat to ue~ the

electron-ion ●catteriilg procedura. A rudimentary form of the Implicit
Moment Technlqua for the E-fi.ld in found in Ref. 2. We provlda ● more
rigorous ●nd completa diacusmion iII Ref. 5. F r the fluid, we followad the

8donor-cell prescription giv~n by G*ntry et a . , with flux;correctioll
improvernanta, +

● o reco=andtid by Boris ● t al. , and Zalcsak .



Although a multi~roup treatment of the supratheNle would be
caputmtionally more ●fficient , we avoid it to skirt the need for
suptatherul flax-limitation In colllalonleme regions, and anticipating
later dlfficultieo in ●xtending a self-con Istent multt-grup treatment to
higher dimenaiom. 9?orslund ●nd Brackbill have shown that Implicit Moment
?artlcle Simulation readily ●xtands to two-dimenelona. An RulerIan
-Criptlon was chosen for the fluids to provide compatibility with the
field ●nd particle description on a fixed orthogonal meoh. The price for
t- convenience wee found to be ●evere numerical diffusion at the vacuum
boandary of ● laser target. We found that a denalty triggered gate,
●ssentially making the outer boundary a Lagrangian zone, was sufficient to
tetm.lnate thie diffusion. An ●dvantage of the gate la that it in no way
limits time steps in the ● ccurate modeling of suprathermal-driven fast ion
blowoff.

In the next oection of thfe paper we will detail the important and crucial
featurea of our computational model. The collielonal PIC euprathermal
●pproach will be reiterated. The ❑edifications in the &tandard donor-cell
procedures needed to ●now for two-fluid colliaional hydrodynamlce
(colliding thermal ●lectrons and ions) will be utreeeed. AlaIo, we will
focus on the char,ges in the Implicit Moment Technique demanded by the
presence of colliaiol,a and the eimultaneoue uae of both particle and fluld
hydrodynamic deacrlptiona for the plasma components. Then, in the
following oactlon we will demonstrate application of the net transport
scheme to the motion of ●uprathermala through thin and thick mingle foils,
●e Hell aa double f~il tarflet configurations, ae might be ueed for vacuum
insulation. The concludinfl rnection will aumarize our findinge, ~nrl
recommend future directions.

TNE COKPUTATIONAL MODEL

SUPIUTHERM.ALELECTRON PARTICLES

Emission ●nd Motion

The modeling begins with an initially prescribed background plasma of
tharmal ●lectrons and lona. Theme ● ra dascribad on a one dimensional mesh
of typically 100 cells. At IBome praacribed location ●uprathermal (or hot)
●lectrone ● re emitted. This location ia precet for certain test probleme
or chosen by op~rationa which follow laoer light up to the critical
ourfaca , which then bacomeo n ❑oving emiaaion point for the hots. As the
hot ●lectron- ara produced, the background denoity of thermal (or cold)
●lectrons 1s correspondingly raduced. When the hot amioslon IS mennt to
mock-up reaonmnce ●bsorption, the ●lectrona are given a drifting Maxwelllnn
distribution in a 20° cone about the diraction twarda the laaer. They
thue will move with ● longitudinal velocity u and carry a transverse

:;:;:loco:[o:e; ~;i/J;@i53
temperature Th is given by Forelund-o

in ●ccordance with experiment ●nd cheery.
For certa;n tent- the da~end~nca on the cold background temperature TC rmfly
bc n~glected, or Th may rlmp:y ba fixed.



Typically, two electrons are maitted each computational cycle. Their
velocities are changed by drag and scattering operators, and then they arz
moved ●ccording to

~(m+l)
E(*)

..(m)+% At
B

m

,(m+l) - ~(m) + U(*) At ,

(la)

(lb)

Here U(*) and E(*) are appropriately centered choices for the drift
velocity and field. At preeent to fneure the greatest numerical ~tabili:y
and oimplify the model, for (*) we use level (m+l).

Coulomb drag slows the eupratnermals against the background electrons. To
model thie we reduc? the hot speeds each cycle by

-4~ e4ni 1/2
Ac = ~ ❑c2 ~ ,AtG(~) log~ , ~ “\ ~k-

mkTe e

in which

c(c) - 0.376 t
—.— . —,.

(1+0.542C -O.J;;~: (‘+0.752 C3)

(2a)

(2b)

:!+:2:01;:::ia:h:i:,::;::;z::”:-?r;:;;;:;:t:;e:;:bi::t;:n::;,an:‘:;.
peake at [=1’and ia zero ● o c + O. Energy dragged fr~m the suprathermals ts
radepooited locally in the thermaln, raising Tc. At present the l.oet
momentum is discarded. To ●void unphysical thermal heatine ● s the hot
●lactrona raflect in tha corona, the drag 18 suprsseed for nh > nc.
Othorwia@, when the energy of a hot electron 10 dragged below kT the slow
hot ●loctron i- d~ntroy~d, wfth ita dennity ●nd ●nergy attribute $ to the
thmul ●lactron background. In sufficiently collisional problems a
●ami-~quilibriuto ●ituatlon can ba ●stablished, in which the hot ●lactronn
crmatod by the rasonant ●bsorption proceoo ● re eventually ●ll dastroyed by



the drag, and the number of emulation particles

suprathermala In flight 18 relatively constant.

needed to describe the

Scatter

It la ●mmumed that ●ach hot alectron undergoeB many mall angle deflections
on crossing a finite thickneae of plaama. Since the succeaalve collielons
●ra lmdependent eweate, the central limit theorem Indicates that for
Rutherford chattering, the distribution P(e) of net deflection angles, 0 >
0 from the original fo ~~rd direction for ●ach ●lectron, will be
●pproximately Gaumetan , i.e.

(3)

with ~2>=Sne4m-2c-3A tniZ(Z+l) 10S A# In the Z+l factor the Z accounte for
scatter off ions and the +1 term approximate the ●ffect of scatter off
electrone. In each tzme step random numbers are picked from a list of 104
preestablished random numbers and ueed to pick a new 0 nnd a new uniformly
distributed azimuthal angle $. The use of this random list epeed8 the
angular selection process by a factor of about three at the coat of minor
error in the randomness. Overall in a scattering event the velocity vector
of a euprathemal ia simply rotated , and its ●nergy is conserved. The
trigonometry ●aeociated with these rotations is detailed In Ref. 2. When
the backgroun

!l
density 10 efficiently low or an electron la efficiently

energetic, <0 > << 1 , and the electron is eenentially unreflected during a
time step. There 18 also minimal drag so that its motion is essentially
that o: conventional fully-determlnlstlc PIC.

On the average, thie acatterinu procedu e gives an ●ffectfve rollision
5frequency for the auprgthermals of vm~ >/(2At), where v 16 the rate of

mean momentum loss from friction ●gainf.t the lone and background electrons.
As formulated, our rncattering p~ocedure 10 valid only so long as vAt < 1.
For longer time atepa the particle motion ohould become a random walk, with
the total dietance traveraed during a time step etgnlflcantly reduced below
At. Some prograea ham been made in

1
Smiting the particle ●xcursion to

the limits impooed by BrawnIan motion , but for the preesnt model we choc~e
inetead to traat the more collimional electrone as a thermal fluid.
Conversion of the ❑ore colliaional hot electrons to thermals in the draR
modeling generally olwfatee the nead for ●crutlny of the vAt < 1
raqulrement in the application of the Model to C02 generated suprathermal
traneport.



THERMAL ELECTRON AND ION FLUI~S

A fluid treatment le needed for the background plasma in order to rmdel
strongly collislonal regions, but ●lso to mana8e the very large range of
densities encountered in laser-target simulations. men 100 particlee/Cell
●ra aoed to represent the peak denelty region of a foil, the lowest density
remoldable is 1/100 th ~~ the peak. ~F lly Ionized gold at nolld density
represents ●bout 4 x 10 ●lectron6/cm eo wi
particle density, only regione do y,to $ * ,.!!! ‘h’e -11 •iml.t~oncould be explored, while
tbe critical density for C02 is 10 cm , ●nd modeling of tranoport in the
contlguoug ●olid ●nd critical regions could prove crucial to important
pellet deslgna. This limit to reeolutio preeente no diffi ulty In the hot
electron modeling, cince the order of 10 ?9 5hot ●lectrons/cm are
●st ,blished, and there e little need to model them in regiong where their
density drops below 101~.

12 for the two-fluidWe u~e an extention of Bra81nekii0a equation~
background plasma. For fixed ions thie extension ie given in Refs. 2. We

&
solve the flu d ●quatione ueln8 a varfation on the donor-ceil procedure of
Gentry et al. . At each time 6tep the hydrodynamics ie divided into a
“La8ran8ian” and then an ‘Advection” phase. During the Lagrangian phase
the fluid velocities are advanced by the local preaaure gradients and
!!-flelde. The reeietive terms in the ❑omentum ●quationa are treated
implicitly, so that ●trong colli~iona directly implies diffueion of the
cold thermalo through the ions. Similarly, during this phase the fluids
undergo PdV work at~d the electrons acquire joule heating and deposited
●nergy from the dragged euprathermals. We store the cold electron and ion
denaitiee, veloctiee and temperatures n=
computational cell centers. J’uc i and ‘c i ‘t ‘heDuring the A vec~ on phaeh this information is
convected to neighboring cells.

When the lone can move, the thermal ●lectrons should drift at the local fon
speed in etronflly collieional regions. Thus, for the difference coupled
momentum equationa we uae

(m+l)
~ anh c(m)

~h,c - jh,c(m) -= ‘x At -
enh,cE (til) At

m

(4a,b)



!)when t ermoelectric ●ffects 2 are neglected. Here 11 is the total pressure 11
a n(mu +kT+)+Pa, and, of course, ~ s nu; Pa is a Von-Neuman artificial
vilIcoBity. The jh equation is, for the most part, redundant, being u~ecl
here to render ●xplicit the Information needed in collielon term for the
ion momentum equation. The level (m) hot electron ❑ oment data is obtained
from PIC accumulations. The collision rates v = 1 T are from Braginskil,
as in Ref. 42 with T+ (T+mu2/3k), including the u to approximate the
effect of large drift velocities. The ji elements in the collision terms

;re~s[!m
at level (m) to simplify the algebra In the solutions for

This re~tricte the model to moderately collisional regimes, such
t~&t the product vAt me/!-l << 1.

For the Lagrangia phase of the hydrodynamic calculation we solve Eq.(4)
for jc ~. The muY terms a7e euppreaa,~-d in ~ during thjs ?hase, but the
artificial viscous pressore is retairled. In the VA >> 1 limit the solution
to Eq.(4) for jc becomes

(5)

which is equivalent to en Ohm-s law. This will let u
result of particle diffusion or an ~oxternal electric !i::::er ‘r’’mui a’ a

The advection is carried out by first defining average velocities at the
cell boundaries, u(i+l/2)=0.S*(u(i)+u(i+l )), ●nd then by fluxing n, nu and
nT acroes theee boundaries from the donating cells, as d~termined by the
sign of u(l+l/2). Thermal ●nergy kT is fluxed, rather than total energy,
to l,mprove the accuracy of the T determinations (upon which resietivity
strongly depends) ● t the expenee of accuracy in the energy conservation.

::;C:::;:::7:!
then followed by an anti-diffueive flux corrective
to sharpen the fluid profiles. Thie ●ubstitute~ a eecond

ordor, ●soantially Lax-W@ndroff s~-~tion for the first order (in space)
donor-cell solution, wharavar thi can be done without producing non-
physical maxima in the results.

I



We found that the Ealerlan fluid calculations did a poor job of modeling
the ●diabatic expansion of f ile

78
, ●ven with the ●ddition of the FCT

●nti-diffueive corrections ~ , antil 8mtffIg of the vacuum boundary was
Introduced. EulerIan calculations tend to diffcee information acroes a
mesh ●t ● rate of one cellfcycle. Thio can manifest iteelf ●u a
peraietence of high -terial temperatures at the ●

(e~entially the initial tamperaturee) where T- n
j~~s of an ●xpanding flou

●hould be ●xpected.
Th&e can ●lso be extreme temperature spikes at the ●dges, as the
caleulationa effectively register shock heating of the vacuum.

f!lextrapolation of the cell-centerd velocities out into the vacuum wa .s
found to eliminate ❑ost of the p ke (by suppressing any PdV heating there).

7AThen, the implementation of FCT ‘ ~as found to stop meet of the numerical
diffueion of temperature. Remaining small edge spikes in n and T were
removed by the gating operation which met the ●dge velocity to zero untfl
the density behind it reached a value extrapolated from the interior of the
material. Note that for two-temperature expansion, in which hot electrons
drive the expansion of a low density fast ion edge, the gate opening must
depend on an extrapolation of the hot electron density.

In dense collisional region~ the thermal electron and ion ter~peratures will
equilibrate; there wI1l also be
coupling T= to Ti at the Spitzer

~~me radiative emission. Wemodel this by
rate, following the hydrodynamic

advancement of the fluids, and by decrasing T. as a bremsstrahlun~ loss.
limited locally to the blackbody”emisston

THE IMPLICIT MOMENTE-FIELD

Traditionally, a solution for the E-field
would restrict calculations to time steps

rat;.

through tne Poisson equation
leas than the ❑inimum local

plaema period on the B ❑utational ❑esh.
!

We eurmount thie problem by the
Implicit Moment Method , by which we introduce aux~.liary fluid equations

t !7
which a e lved in conjunction with the Poisson equation for the adva,lced
field E e . Explicit particle and fluid advances are stable in the
advanced field for ti e steps constrained only by R Courant condition on

?,9the hottest electr ns .
!

For global problems this procedure permits time
steps typically 10 times larger than those required by earlier methods.

Thus, integrating the Poisson ●quation in epace for time level (url-1)

‘“(m+l) by integrating the continuity equation in●nd obtaining denaitiea ~
t~me for ●ach npleclea, i. :.



-%(m+l) - ~(m) - &(j(*l)]At , (7)

we employ the ●dvanced currents 4+1) from the solutions to eq~. (4), and

obtain

(8a)

for the E-field,

*.2 An‘e2
~

‘P T

and

when E(0)=~=!l

(nhch + nccc +

‘- as for a quiescent left boundary. Here

z%
cini

T
1 (8b)

ci=l- [(v#t)ch + (vcAt)cc]/z

1 1

ch=l+(v#t) “=l+(vpt) “

Also,

1: flh
(m)ch + ,C(m)cc _ zJi

(8c)

(Od, e)

(flf)

●nd

I

i‘1



(@ch(v#t) + 6C- Ii(m) [1 -; ‘m)cc(vhAt)(Vh +~c~t] + 8h‘1

in uhich, finally,

gh, c
anh, c

“~h, c-:~At ● (8h)

Furthermore, (~ , ~) are (-e, rn) for the electrons and (Ze, M) for the ions.
In the collislonless limit thie becomes

(9)

in which,

.2 - 4Te2
‘“P —

(ne +~’z2ni] .
m

In quaaineutral regions, where U2#t >>1, and when m/M << 1, eq. (9)
reduces tO E=-1/eneaPe/3x, where ne=nh+n and Pe-P +Pc, plus the
eummational deneity and current “correct~on” ~errrs~, which hel~ to maintain
the charge neutrality, Alternatively, wtien w

U

#t <<1 the field reduces to
the o aeon reoult of the integral over the eurn of the old charge densities

%%””

In dense colliaional regione eq. (8) ●ssentially reduces to eq. (5), the
ohm-s law. Furthermore, by quaai–neutrality .jC ‘ jh, so that In denee
interior regione of a target where the hot el
undeflacted by colliaione or the fields, j(m+

)

~Yt~O~?mY~e~~B~~~~a~ ~~otiEh

k●q.(S) the E-fiel~; is determit~ed eoaential y from t e old hot current.

The full E-field ●quation, ●q. (8), IS basically eq. (~q) of the Moment
Method of Ref. 2, except that charge separation effects are now
rotainad, su a renult of ueing the continuity equatione, ●q. (7). The



collislonless result has been 8iven in Ref. 5 and explored by Denavft in
Ref. 15. Ite extention to two-dimenaione IS accomplished in Ref. 9.

In the auxiliary fluid equatlon~ for the E-field a lution, eqs.
9

(7 and R),
we retain the dynamic preeeure contrlbutlona ~~~ at the old time level
(al) . l’hia allows ua to get the field ●olution by a simple algebraic
rearrangement of the equatione. On the other hand, this name term must be
extracted and treated in the eeparate advcctlve ●taEe of the thermal
●lectron and lon advancement ochemee in order to ●aaure hydrodynamic
stability. Moreover , at the vacuum ●d8e of the fluid the advectlon must he
done by the donor-cell technique, i.e. material must be drawn from the
donating cell ●atabliehed by the cell-s boundary velocity, so ae to assure
ponitiv2ty of the fluid number deneitfee. When the hot electrons enter a
boundary re8ion for ●xample, the resultant E-field will draw the cold
●lectrone out, and their deneity muet 80 no lower than zero. This
poaitivity ie guaranteed by the donor-cell hydrodynaccica. H~wever, a
correapoadin8 careful uee of donor-cells in the auxiliary ydrodynanic
equatione for the E-field eolution would ❑ean that the mnu 9 terms would not
be known until E itself was known, and this would clearly require iteratl~n
to solve for E. By using the old dynamic preseuree we find such iteration
to be unneceaeary. The resultant alight tiiffer~nce In the hydrodynamic
equatlona u8ed for E and in the hydrodynamic procedure then !Ised for the
actual fluid advance appear~ to cauee no non-physical consequences. A very
airnilar incompatibility exists in the fluid equations used to tepresent the
hot electrons in the E-field eolution a~d the Bet of particle equations
actually ueed to advance the hot electron properties. The fluid equations
can be -~oiffured to closely to mimic the ❑otions af the particles on the
avera8e , but the agreement IS never perfect, nor has this proven to be
necese6ry.

THE MULTI-FLUID HYBRID APPROACH

The net nystem derived for transport ar.udtee has great versatility. For
tests the hot ●mission can be supreesed, the thermal e~cctron-[on thermm~

couplin~ can be skipped, and the E-field and scattering rate can he set to
zero. Then in foil geometries, for ●xanple, the thermal electron and ioo
fluids ●xpand entirely separately. If the ion mass is made artificially
equal to the electron maw. (by setting a single code parameter) the two
fluide expand In muperpoaition -- ●ll their properties are identical. it
the physical mass ratio the ●lectron expaneion 10 well ahead of the ion
uxpanaion, until the scattering or field are restored. Whe~ junt the
ocatterlng ie “on” the ●lectronn sre locked intu motion with the ions,
except at the leading ed8e of the ex~,~nsion, wh~re they can diffu~e ahead.
With the fiel

f
“on”’

6,
the electrons ●nd ions expand together at the ion

●couotic rate Restoration of the ●lectron-ion thermal couplf.ng Ulves
the lone ●nd cold electrons equal temperatures in denee regions. Finally,
when hot emission lo “on- the hot electronn interchange with the colds
during the net expanf~ion, and joule heatin8 of the thermala la evident.
The ●im of the modeling fe to ●tudy thin highly coupled phenomenology in
evolving one-dimensional 8eometriea.



TEST RUNS

Fi$ure 1 collects reoulto from a number of test runs with the model.
Smprathemals were introduced at the vertical fiducial into fixed ion
density profiles as depicted in frame (c). For clarlty of ●xpoe$tion the
electrons were ●mitted as a left-travelling beam mcving at 75 wn/pe. This
corresponds ta ●n energy of about 25 keV. The •lec$~on~ ~uat move through
a plateau region where the background deneity 18 10 cm- into a slab
region about 50 urn wide where the peak density is 1022 cm-3. In the frame
(a) calculation the euprathe-1~ experience only drag, which reduces their
speeds as they pass through the dense region. The left boundary 18 a
mirror. Frame (b) shows the effecto of both drag and scatter on the high
energy particle electrono. The magnitude of the mean drift epeed to the
left ie reduced, a~ with the drag alone , and a significant fraction of the
incident beam has ite u component of velocity rever~ed by the scatter.
Finally, frames (c) and (d) show the cumulative effect of drag, scatter and
E-field acceleratlona. The emleeion point and fiducial have been shifted
to the 160 urn position. Frame (c) shows the hot density nh, and a cold
deneity nc noticeably below Zni in the plateau region. The phase plot of
frame (d) shows that the incident beam is coupled to the returning stream
of background thermala by a two-stream Instability in the first 30 urn of
plateau region plasma. More generally, when the incident hot etream is
less beamlike and closer to a MaxwellIan with a temperature near the drift
●nergy, two-~tream ●ffects are ❑uch Ieea evident. Also, as the mean
particle energy ltI raieed appreciably beyond 25 kel’, the localized effects
of drsg and scatter are much less d~scernahle.

THIN AND THICK FOILS

Fig~re 2 shows :he reeulte f fo 1 illuminated by CO light at a
‘~ ~lcm~.constant intent3ib.~ of 3 x 10 We d~posit 35? o $ this light and

r~flect the rest. The light enters from the right and deposits in
first cell with a density exceeding critical, i.e. where Zni > ~olhhe The

●

background temperature for thermal electrons and Ions iB initialized at
T=-T - 1 keVO

1
The resonance absorption hot emiesion temperature for these

cond tions 1s abo~t 35 keV; Th haa been fixed at this value.

The foil 1s 9.6 pm thick (4 cello) and made of gold. We assume full

i::i&:::5a:d#~ z -79. Thus,
the peak thermal electron number density

. . The thermal electron-ion cotiplfnR i~ very etr”~g, euch
that T= = Ti in the center of the foil throughout the vari um rune.

!?
The

proton-electron mans ratio has been artificially oct to 10 , i~etead of
1836, to ●conomize and epeed the evolution of the ion hydrodynamics.

?ramec (a) and (b) ●re for scattering ●nd drag “off”, but the E-field “on”’.
Here the vertical fiducial tracke the location of the critical surface.
Frame (b) ohowe that by 5.8 pa the hot electrons have initiated fn~t ion
blow-off on both aides OC the foil. Thio ●ariy blow-off hat moved nearly
twice @e far on the laser ●ide. The faint on d nsity tracko the den~ity of

2A -9the hot electrons, which peaks at over 10 cm , or ten times critical, in



the center of the foil. l’hermal ●lectrone are strongly ●xcluded from the

farnt ion regione.
‘“e ‘l”ctrOnB ‘0 ‘r’ve:;$8w;3a;::::;;:;e;::n

body of the foil, however, so that the Zn
imoved some 20 urn from their initial pomit one.

Ie4he run for frames (c) ●nd (e) we have turned on the scatter aa well as
the:z-field. The deneity of the 35 keV suprathemalo then drops by more
tti~ ● factor of ten across the foil. From the phase plot (e), it is
●vi4ent that the scatter la still holding ❑ ost of the supratherm~ls on the
lacer ●Id- af the foil at t = 5.8 ps. Some have p
initiate a faat ion ●xpaneion, peaking at Zni

- Jgetrsqed, however, to
cm on the back ~jde.

Frames (d) and (f) show the renults at the same time, 5.8 pe, when the
effects of drag on the ●uprathemala are included. In thie caae the
euprathermala are totally confined to the laser aide of the foil. The
phaae plot shows a significant l“eduction in the number of particle hot
electrons, mince many have been slowed to low speed and absorbed In the
background. Relatedly, the number with negative, foil-entrant u-compo,lents
aigniffcantly ●xceeds the number with u > 0.

It is important to note, that in all three runs with 35 keV supratherrnals,
the critical au?face at late time lice well out in the corona, where there
are no thermal electrons. Thus, otrictly speaking, there are no colds to
be heated. This meana that we have aeaumcd a hot temperature that is
unreali~tically low. The model preeently manages thie oituation hy
reducing the wetghtfl of the local suprathermals at critical to cons?rve
charge, a’a it emits new suprathermala. qowever, mince the erni~aion
temperature and ●nergy are fixed, energy 18 not Coneerved. In a later
version of the model, the emitted hots .~fll be given n higher temperature
to account for the energy born by the colder suprathermals they replace.
For the present, however, we correct the deficiency in subsequent example~
by goirl~to markedly higher

ffl
i~sion temperatures than ougueeted by the

resonance absorption formula . This need for higher temperatures is
consistent with recent C02 experiments.

150 KEV ‘TRANSPORT

The amioeion temperature waa raised to 150 keV for :hs Figure 3 run, while
the roil thickness was reduced to 4.9 pm (2 -ells), and its initial
temperature waa decrensed to 1 eV. We continue to assume full ionization,
Z=79, for simplicity , ●lthough a more comprchenaive treatmnt, ‘n which Znj
would etart at low vnluea and come up aa Tc roee, ie certainly desirable
and planned for future atudiea. The lower T= markedly increases the
initial resistlvity cf the foil. Howevrr, frame (c) chows that the drag
dcpoeition and joule heatin~ ●ffectn rapidly raise the coronal thermal nnf~
ioo temperature to the 100 ●V range, reducing this resietivity.

Frama (a) verifies that with the higher Th the cr{tic*l surface shifts left

to levels below about 10~b0;~L3~nd
to raat on the cold elec the hot density 10 eubptantinlly reduced

The calcu’.ation now coneiBtently converts
the colds to hot ●lectrono. Frame (b) shows that a potenticl the order of
3Th developo to maintain the quaainnutrality of the myetem. It alno
diaplayn tha ●ctive E-field in relative unite. The phase plot (b), and



also the nh profile in (a), demonstrate that the E-field does act with some
success to constrain the hot ●lectrons to the lacer Bide of thi6 thinner
foil. Frame (c) veriiiea that Th ranges between 100 and 200 keV ●cross the
foil.

The inhibiting ●ffect of remi8tivity In the cold central region of the foil
ie$ese then ●nticipated , and will be ●xplored more carefully with finer
zoning, for example, in future work. Evident, here, however, la the fact
that the very ●nergetic ●lectrons preoent in the tail of a 150 keV
suprathemal epectrum can penetrate very large reeietive potentials,
indeed, while eventually reflecting off the sheaths of a foil. Their
return ❑otlon~ after these reflection can then cancel much of any hot
directed drift current through reeiative barriere, leadiag subsequently to
a lowering of such barriere.

TWO-FOIL VACUUMINSULATION

AB a final application of the model , we discuae the closure of a vacuum gap
between two foils. In Figure 4P to the foil pr-)f~!’”~ly diecue.sed, we arid a
second identical foil separated by 60 pm. The laser illumination
conditions are unchanged. Frame (c) shows the gap between the foils is
still open at 1.4 PR, while it closed in frame (e) at S.2 ps (this takes
about 25 pa at the physical m /M). In fact, there 18 t’nen little
difference between the nh pro ~ile with or without (a@ in Fig. 3) the
preeence of the eecond foil. We had anticipated the possible deveiopmerlt
of potential barrier to the hot rlectron~ , ae they first began t~ penetrate
the second foil. This in not In evidence, again poaaibly due to the very
long range for the 150 keV ziupratherrnal tail. A reexamination with finer
zoning and a T= dependent Z 18 needed here too.

CONCLUSIONS

A hybrid electron tranaport ❑odel han been outlined, In which
collisional-PIC auprathenml electrons are moved tielf-consistentl “ hro~lqh
background fluids of mutually colliding thermal electrone and ion~.
Impltcit E-fields, permitting economical calctllatione are obtained by the
Implicit Moment Method. The particle description for the @uprathermals
neeures the ●dequate modaling of effacte dependent on the detailed hot
electron distribution, The directions to be folLow~d for ●n eventual
two-dimensional generalicatlon of this description are alao quite clear,
particularly from the work of Brackbill ●nd Forslund. The addition of

fluid ion ●nd thermal ●lactron traatmenta allow for modeling over the full
range of background denoitlee required for global pellet ●imulatinne.

The utility of this ●pproach has bean demonstrated with ●pplication to C02
Renerated transport in simple ?oil Beommtriem. An immediate outgrowth of
theme applications in the regult that th~ moderate suprathermal ●lectron
temperature ●nticipated with rtsonant ●bsorption ● re too low to allow for
the self-conslutent ce,~vernion of cold bac.kgl’ound tharmal ●lectron~ into
supratharmalo. This difficulty in ●limtnatad with 0(150 kPV) ●uprathermal



●mission, in consistency with recent C02 ●xperiments. Simulations run ~i:’

these hotter suprathermals show them to be extremely penetrating, and
●pparently capable of closing the gaps in vacuum insulation with nn
●nomalies. This, however, is Inconcietent with recent ●xperimental data
which now •u~ueets come conelderablc inhibition of t’he suprathermals.
Thtio, more detailed ●pplication of the ❑odel, with, for ●xample, much finrr

SOnlnUO ●nd improved ionization physics, ie in ordtr, ●s 10 a

tw#dimensional generalization to explore the eifect of B-fields in tl~e
presence of thermal ●lectron resistive effects.
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Figure 1. Tests of ●uprathermal transport through a fixed ion background.
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Fiqure 2. A foil expmed to 35 kev emiaeion. (a) and (b) no scatter an?

no drag, (b) and (e) scatter only, (d) and (f) scatter Pius
drag.
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Figure 3. 150 keV auprathermal transport through a 4.9 pm foil, ?nitially
with T= = Ti = 1 eV.
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Figure 4. The closure of a vacuum gap.
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